Nowadays, prosthetic and robotic hands have reached an amazing dexterity and grasping capability. However, to enhance a proper tactile 'experience', dexterity should be supported by proper sensation of daily life objects which such devices are supposed to manipulate. Here we propose a low cost anthropomorphic solution for the integration of a force sensor within a biologically inspired fingertip. A commercial force resistive sensor is embedded within a human-like soft fingertip made of silicone: the housing of the sensor -a 3D printed bay embedded within the fingertip -is analyzed via Finite Element Analysis and optimized to enhance sensor response. Experiments validate the design and proposed solution.
Introduction
In 2008, they were about 3 million of arm amputee people [1] , due to congenital factors, tumours and diseases. In general, the principal reason of amputation involves traumatic events in more than 75% of all cases. According to the National Centre for Health Statistics [2] , every year, in USA, there are about 50,000 new amputations. Therefore a significant number of patients are looking for proper artificial devices replacing their missing counter body parts and limbs.
Here we specifically focus on hand amputation and robotic or prosthetic hands which can support the recovery of a human hand dexterity and manipulation capability. According to current market and research on prosthetics, many devices have been already successfully developed [3] . Some of these devices exhibit very high manipulation capability [3] [4] [5] , other ones show anthropomorphic design [6] , high performant integration with force and tactile sensors [7] and further ones combine simplify design with relatively low-cost manufacturing [8] .
Unfortunately, combining high performance with proper sensor integration and low cost is quite difficult. On average, most of these devices are quite expensive -in the order of tens of thousands of euro -they do not necessarily offer a set of embedded sensorial component; 'soft' interaction between the device itself and the manipulated objects may not be offered as well.
In this context, this paper presents the development of a low cost and affordable prosthetic hand which aims at offering an anthropomorphic design and experience to the amputee [9] .
The paper is organized as it follows: the following section presents the main design of the hand and the integration of low cost tactile sensors combined with a soft fingertip artificial skin. A further section presents an experimental set-up where we optimize the design of the terminal parts of the fingers. Results are then discussed.
Design
The design of the hand is based on a 3D printing manufacturing process which is combined with the optimization of its fingers, since a low cost tactile sensor is integrated within the fingertip. This latter one is covered with a layer of silicone in order to enhance grasping capability and soft contact between the artificial finger and the manipulated object, as well as to increase the overall sensitivity of the sensor around the fingertip surface. A low-cost Force Resistive Sensor (FRS) is adopted. This one is covered by silicone, since this material is available at low cost and it can be easily moulded and adapted to fit the desired shapes. The overall approach of this design aims at performing a user-friendly experience of the device use in daily life. 
Materials
The prosthetic hand, the palm, as well as the artificial finger were designed and printed in Acrylonitrile Butadiene Styrene (ABS) with a 3D printer (HP 3D Design jet). This material have good mechanical properties which allowed the simulation and performance of laboratory tests. An overall view of the design of the hand and of the finger of the hand is reported in the Figures 1 and 2 . Figure 2 shows an overview of the finger and of the housing for the tactile sensor. It can be noticed that the ABS material is quite solid and rigid to house a tactile sensor and then test the sensor: the transducer, in fact, will have a rigid support which will not be deformed in case of the application of load. This is important in view of testing the sensor and obtaining reliable measurements. On the contrary, in view of applying a silicon layer on top of the sensor, it is important to notice that the softness of this material will introduce some concerns about the repeatability of the measurements when loads will be applied. The displacement of the silicon layer was made of an EcoFlex 50 platinum-catalysed silicon [10]: the silicone was prepared by mixing two parts which were stirred and moulded on the sensor housing of the 3D printed fingertip. Figure 3 shows the overall design of the fingertip, combining the BAS support, the FRS component and finally the artificial skin layer of silicone. 
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Selection of the manufacturing material and technology
In order to optimize the design of the FRS support, it is important to have an under layer which is robust and rigid: as it was mentioned before, the ABS material has good mechanical properties and -at the same time -it allows the flexibility of changing the design of the support via the 3D printing process. Moreover, the ABS material has a reasonable density which makes possible to have a quite light prosthetic device (Table 1) .
Thanks to this approach, we will be able to quickly design, manufacture, test and re-design different forms: such a strategy would not be easily obtainable by using others manufacturing technologies (e.g. modelling, sculpting). Moreover, this approach has also the befit of keeping the cost of the process quite restrained. 
ABS
Design and selection of the sensor
The proposed sensor is a Model 400 Force Resistive Sensor (FSR), short version, from Interlink Electronics [11] . This device is characterized by a small size which is combined with good properties to be embedded within the hand fingertip. Moreover it has proper electrical characteristics and weight for this application. The sensor has a force range of 0.2 -20 N based. Sensor output change is produced by pressing the device which has the effect of changing and increasing the resistance of the sensor layer and therefore its electrical response. This electrical change can be correlated to the pressure in order to infer the effective process, provided that the sensor has been calibrated.
According to the sensor specifications, the electrical current has to be limited within a value of less than 1 mA per square centimetre applied force. Even if the intersensor repeatability is quite low (6%), nevertheless a significant hysteresis of more than 10% may be observed. In this context, it is important to notice that the resistance of the sensor may be affected by changes in the order of 10% during time. Despite these limitations, this device has proper characteristics for the proposed implementation: it can be positioned on the sensor housing of the artificial finger and be used in daily life scenario where the end-user is manipulating objects and performing typical daily actions like grasping a glass or handling a tool.
Human-like skin
Our human limbs and hands are made of soft tissues and skin. Such a softness is strongly involved on the interactions with objects since it allows the tissue to be deformed and adapt while in contact with external items. Because of that, we explored the possibility to recover the proposed design with a layer of soft silicone, which should enhance the bio-mimetic of the device itself. There are multiple advantages on adopting such a solution:
• End-user will benefit from a more realistic sensation.
• Silicone will intrinsically distribute the external force before transferring this stimulus to the underneath sensor
• A soft touch could be used in relation to the daily usage of touch screen by the user (i.e. mobile phone, tablet, etc.)
According to these benefits, a two components platinumcatalyzed silicones, EcoFlex 50 -SmoothOn, [10] -was used. In order to predict the mechanical response of this material vs contact force on the fingertip, a set of mechanical properties have to be defined, according to the following parameters:
Elastic module = 2172000 N/m Poisson's ratio = 0.49 Density = 716.9 kg/m1
Optimization -FEA Simulations & Laboratory Trials
The sensor housing was designed by considering different shapes in order to optimize the response of the sensor within the housing. The housing shape, in fact, can condition the way in which the external applied force (i.e. the contact force between the object and the fingertip) is In order to optimize the housing design, laboratory trials with different shapes were performed: 4 configurations and shapes of the housing were tested. For each configuration, a 3D printed model of the fingertip was designed, printed and integrated with the silicon layer before the tests. The 4 configurations' design were tailored in function of two design parameters, namely the external radius of the housing bay and the depth of the bay. Figure 5 shows the geometry of the housing and the two aforementioned parameters. A two stages process was followed for the optimization of the geometry: first of all the effect of the shape was tested via a Finite Element Analysis (FEA) which was predicting the force distribution on the tip of the finger vs. applied simulated load. Secondly, a real set of experiments were performed were the fingertip and sensor housing was loaded with a set of weight and the sensor output was measured returning an estimation of the effective applied force thanks to a calibration curve of the sensor. Results of all these simulated and real testes were then finally compare din order to select the most appropriate and optimized configuration of the sensor housing and fingertip design.
Experimental Set-up
Measurements
In order to perform experimental measurements, an additional resistor of 10 kOhm (RM) was integrated in the circuit: the resistance of the sensor (FRS) changes according to the applied load and it decreases the more the load is applied. Assuming a constant power supply of 5 Volts (V+), therefore the current (I1) increases as soon as the resistance decreases, establishing a linear correlation between the force and the resistance. Therefore, it holds:
Where I2 and Vout are the output current and voltage, respectively. Since I1 is equal to I2, then it also holds:
Finally, since RM and V+ are equal to 10 kOhms and 5 V, respectively, then Vout can be easily acquired via a Data Acquisition (DAQ) system. For the purpose of this project, a low-cost and easily customizable DAQ system was used, namely an open-source Arduino platform. 
Selection of the additional resistor
The RM value affects the sensor calibration curve: the lower is the RM resistance, the higher is the precision of the sensor reading when we apply high load. On the contrary, higher precision vs. low load can be obtained by reducing the RM resistance value. According to the type of application that we are considering, a good compromise is to choose a resistance of 10 kOhms, which allows good performance vs. loads in the order of 200 gr (i.e. the weight 5 of a typical manipulated daily life object). Clearly a different application may require the use of a different additional resistor, which can be easily changed within the proposed circuit.
Finite Element Analysis (FEA)
A Finite Element Analysis (FEA) allows predicting the sensor behavior vs. the applied loads and the different configurations and shapes of the sensor housing. Particularly, the FEA should predict the effective load which is applied to the transducer under the soft layer. 
2).
The FEA is performed with SolidWorks software (Dassault Systèmes SOLIDWORKS Corp.) by defining the fingertip design as it is reported in Figure 6 : the left green arrows within the figure refers to the constraints, whereas the surface of contact between the silicone layer and the sensor housing is defined as a global contact without penetration. A 20 N load is simulated and applied to the fingertip: such a load is assumed to be uniformly distributed over the silicone layer, precisely the circular surface, which is reported in purple color in the figure. A circular tactile sensitive was adopted in order to mimic the underlayer shape of the FRS circular sensor.
Four configurations of the sensor housing were designed and prototyped, according to different external radius of the housing -namely a 6 mm and 8 mm radius, respectivelyand two values of the depth of the housing -i.e. 3 mm and 5 mm, respectively (Figure 7 ).
FEA of the Deep3R6 sensor housing
This first FEA simulation experiment was performed with a sensor housing having an inner depth of 3 mm and an external top radius of 6 mm: this configuration was labelled as Deep3R6, where the first part of the label -i.e. Deep3 -refers to the depth of the housing and the second part of the label (R6) refers to the radius (R). The same strategy was used to label the other sensor housing configuration. Table 1 . Accordingly, the figure shows the pressure distribution on the sensor housing. The following results were performed via the FEA:
• Area of the sensor = 121.54 mm Where the percentage of the measured force measures the effective percentage of the load, which is pushing on the sensitive area of the sensor. A summary of these results is also reported on Table 2 . Table 2 . Percentage of forces which is applied to the sensor when using the Deep3R6 sensor housing.
According to these results, more than 40% of the applied force is lost, namely the precision of the measurement at the sensor level may have to be multiplied by a factor of 1.4. It is important to notice that these results are affected by intrinsic errors of due to the FEA numerical process: in particular, it should be notice that the overall sum of the force repartition (11.68 N on the senor area and 8.44 N on the crown area) is not equal to 20.0 N (namely it is 20.12 N). A similar FEA simulation was performed with the other fingertip configuration of the sensor housing in order to establish the repartition of the force.
FEA of the Deep3R8 sensor housing
The FEA simulation was performed assuming a top radius of 8 mm and inner depth of 3 mm of the sensor housing. The same hypothesis were adopted in terms of the mechanical properties of the silicone and the uniformly distribution of the load. Table 3 reports the results of this latter simulation, suggesting that a larger housing (i.e. an 8 mm radius vs a 6 mm radius) may provide a larger dispersion of the force, namely a lower percentage of the effective measured force (55.04% vs. 58.05%). In this latter case, in fact, the simulation predicts a loss of 45% of the applied force, namely an uncertainty factor of the measurements of 1.45. Table 3 . Percentage of forces which is applied to the sensor when using the Deep3R8 sensor housing.
Part
FEA of the Deep5R6 sensor housing
A further simulation was performed with a deep of 5 mm and a top radius of 6 mm, showing that a 5 mm layer of silicon significantly affect the performance of the sensor when compared to the previous configuration assuming a layer of only 3 mm thickness (42.57% vs. 55.04% and 58.05%, respectively). Table 4 . Percentage of forces which is applied to the sensor when using the Deep5R6 sensor housing.
Part
FEA of the Deep5R8 sensor housing
Finally, the last simulation was performed with a deep of 5 mm and a top radius of 8 mm. Here, the FEA predicts the worst scenario where the reduction of the measured force in terms of percentage is more than 60% of the applied force. Table 5 . Percentage of forces which is applied to the sensor when using the Deep5R8 sensor housing.
Part
FEA simulations: results & design optimization
According to the FEA simulations, we may predict that increasing the value of the depth and radius of the sensor housing will significantly weaken the perceived force at sensor level, and therefore affect the precision of the measurement. On the other side, the benefit of a larger value of the radius is on having a larger sensitive surface where the applied load can be applied, which inherently makes the fingertip (and the sensor) capable to face higher load without being damaged or saturated: attenuating the load by a factor of 2 would allow us measuring two times heaviest forces.
On the contrary, in terms of precision, the optimal design should be the one with the smallest depth and radius, namely the Deep3R6 configuration. A set of real experiments may support us on taking a proper decision and find the best optimal compromise.
Physical experiments -validation
In order to validate the FEA simulations, physical experiments were performed. These trials also allow to double check if the results from the FEA simulations were reliable vs. different positioning of the applied load on the fingertip. The simulations, in fact, were performed under the simplified hypothesis that the load was uniformly distributed over the fingertip surface. To perform the test, a customized equipment was designed and 4D printed. Tests were also performed without the silicon layer in order to evaluate the effective contribution of this layer on the response of the sensor. Figure 9 shows the 3D design of the equipment which allows loading the fingertip with desired force: the applied force is obtained by using a set of metal weights. This setup was designed to provide a system for the execution of repeated measurements. After designing the system, it was printed in ABS material (see top panel of the Figure) . The mass of this set-up was equal to 33.02 gr. Each measurement, namely each applied weight, was performed 3 times. The sensor signal -i.e. the output in voltage -was acquired via the Arduino board and the average of the three measurements were reported. 
Tests without the silicone skin
The first set of trials was performed without depositing the silicon layer over the sensor. The purpose of this set of trials was to validate the sensor without introducing any interference between the transducer and the applied loads. Loads were applied from a value of 50 gr to a final value of 3 kg, considering the intrinsic weight of the equipment as well. Table 6 reports the masses of the applied weight and the sensor response.
According to these results, it was noticed that the repeatability of the measurements was not very high during some of the trials, due to slightly different positioning of the load on top of the experimental set-up, i.e. the plate supporting the weights in Figure 9 .
In this context, adding a layer of silicone on top of the sensor, should help on stabilizing the measurement and output of the sensor vs. little change on the position of the weight vs the barycentre of the sensor.
The silicon, in fact, is intrinsically viscoelastic and should compensate with a damping effect. Moreover, this soft layer should distribute the force and provide a more human-like response on the sensor. Table 6 . Response of the sensor vs. the applied loads on fingertip without the silicone layer.
Mass
Tests with embedded silicone skin, Deep3R6 and Deep3R8 configurations
Finally, the fingertip was prepared and covered by a silicone layer, and trials were performed as well. Figure 10 shows the final appearance of the fingertip when equipped with the artificial skin.
A Table 8 . Response of the sensor vs. the applied loads on Deep5R6 and Deep5R8 sensor housing with silicone layer (left and right panels, respectively).
Results summary
According to all trials which were performed without the silicon and with the silicone bay in the 4 different configurations, an overall summary of the results was plotted, as it is reported in Figure 11 . According to this summary plot, it can be observed that the 'without silicone' configuration -i.e. the blue curveis not very acceptable, due to its unregular pattern. On the contrary, the yellow curve (i.e. the Deep3R6) shows a very regular pattern which is quite desirable as a sensor response. The repeatability of the measurements which were performed with the Deep3R8 configuration was quite low: this is well reflected on the curve within the graph of the figure as well. Similar observations can be reported vs the other curves, apart from the aforementioned response of the Deep3R6 set up, which is proved to be the best response in terms of regularity of the curve. Nevertheless, this configuration has a good performance and sensitivity at low weight, but it shows a very low sensitivity as soon as the load is incremented and it approaches values in the order of 500 gr. This latter drawback may be solved by compensating the reduction of the sensitivity with a chance of the additional resistor (see also par. 3.1.2).
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Discussion & conclusion
From a comparison between the results of the FEA simulations and the results of the experimental trials, it can be noticed that the higher are the curves of Figure 11 , the lower is the error between the predictions of the simulations and the effective real response of the sensor. In other words, the lower is the dissipation of the force, the higher is the reliability of the prediction.
Taking on board these results, together with the outcome of the FEA simulations and of the real experiments, we can select as optimal solution the configuration Deep3R6, namely a sensor bay of silicone with a depth of 3 mm and an external radius of 6 mm. Qualitatively, this is also the configuration which provides a 'human-like' fingertip sensation when the artificial fingertip is pressed by a human subject. An higher depth, in fact, provides a 'too soft' sensation on the tip which causes an higher dissipation of the force.
Finally, we proposed a human-like silicone based fingertip for artificial hand: the fingertip embeds a low cost sensor -in the order of 5 USD -which allows a proper calibration in the typical range of force of manipulated daily life objects. The proposed solution maybe synergic integrated with a proper grasping control of the hand [12] [13] [14] [15] [16] . It also offers the possibility of a better grasping capability which is combined with the benefit of having a human-like soft sensation of the finger when getting in contact with another human hand. A selection of different values of the additional resistor will allow the end-user to tailor the senor response within other range of force, according to the type of applications and tasks to be performed by the hand. 
